In character animation, traditional skinning algorithms such as linear blend skinning (LBS) and dual quaternion skinning (DQS) are widely used due to their simplicity and efficiency. However, they both suffer from some well-known issues. Discovering solutions to these artifacts involves ongoing research with the same new development and applications. In this paper, we propose an improved algorithm to reduce the artifact of standard DQS by combining it with LBS. Our algorithm calculates a linear combination of the standard DQS and LBS using a parameter, called the "deform factor". The "deform factor" describes the contributions of DQS and LBS in the skinning process. Our improved skinning algorithm is based on dual quaternions, and it effectively reduces the artifacts of standard DQS. Furthermore, the proposed method presents a visual trade-off between DQS and LBS in real-time. This paper also contributes an extensive experimental analysis showing the robustness of the proposed method and a comparison of its performance relative to the traditional approaches.
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I. INTRODUCTION
In modern character animation pipelines, skinning is a vital component. Traditional skinning methods such as linear blend skinning (LBS) and dual quaternion skinning (DQS) are the de-facto standard and most widely used. They are advantageous for being extremely efficient and simple compared to advanced skinning techniques such as example-based skinning and physics-based skinning. Advanced skinning methods often require significant computational resources to generate more realistic deformation, while traditional skinning techniques are considerably more suitable for modern GPU rendering and ideal for real-time interactive applications.
However, the simplicity and efficiency mean some level of loss of accuracy with resulting deformation. Traditional methods have constraints on producing complex distortion such as wrinkle details or secondary effects for example skin contacts. Moreover, they suffer from various artifacts. LBS has the well-known "candy-wrapper" effect when twisting bone segments significantly, and bending with large rotations at joints causes the "collapsing joint" artifact. Although DQS overcomes the LBS problems, it reveals an intrinsic issue known as the "bulging joint" artifact. This paper proposes an improved skinning method based on dual quaternions. The method aims to reduce the "bulging joint" artifact of DQS while retaining the same level of simplicity and efficiency.
A very important aspect of traditional skinning methods is the run-time algorithms are direct and closed-form. They can be simplified to an evaluation of skinning formulas hence the implementation usually is straightforward. The proposed approach satisfies such property. Our run-time algorithm linearly combines DQS and LBS algorithms during vertex skinning via a parameter "deform factor", and reduce the bulges by partially substituting the DQS deformation with LBS deformation. Our method is suitable for GPU implementation and targets existing standard forward kinematics animation pipelines. It is hypothesised that our approach will provide sufficient flexibility and maintain a high level of system robustness.
To the best of author's knowledge, currently only Maya supports a linear blend of the two standard skinning algorithms (LBS and DQS). Maya's configuration lacks systematic studies and analysis. Moreover, the concept of a linear combination of LBS and DQS had almost no prior research. For this reason, our work is motivated to implement this concept and conduct a systematic study to fill the gap in the literature.
Our work is based on two assumptions:
• Transformations are assumed to be rigid only, non-rigid transformations such as scale and shear are not the main focus of this paper. • We define the maximum number of bones that influence a vertex is 4. More bones would add additional overhead (extra weights and bone indices) to the skinning process. This paper is organised as follows: The next section discusses recent related works on vertex skinning. Section 3 gives a brief outline of the 3D models used and the pipeline of the developed animation framework. Section 4 describes the proposed run-time vertex skinning algorithm in detail. Section 5 presents the correctness of the method, and experimental results and their evaluations, and Section 6 gives a summary of the work presented in the paper and outlines future directions.
II. RELATED WORKS
Skinning generates detailed, high-quality deformations of the characters from a set of control parameters. Catmull [1] first introduced a skeleton-driven rigid skinning technique. Also, Magnenat-Thalmann et al. [2] first presented their thoughts about geometric skinning on human hands. Nowadays, this method is referred to the common LBS technique. When the joints are twisted significantly, LBS generates the "candy-wrapper" artifact, and when joints are bent by more than 90 degrees the "collapsing joint" artifact appears. Both artifacts cause significant loss of mesh volume because a linear combination of rigid transformations is not guaranteed to be a rigid transformation [3] . Skinning with dual quaternions (DQS) [4] linearly blends unit dual quaternions. The run-time dual quaternion linear blend algorithm (DLB) is a closed form equation [5] . Such property results in DQS being as fast as LBS and requires less memory cost. The results generated from DQS completely overcomes the "candy-wrapper" and "collapsing joint" artifacts. One distracting issue with DQS is the "bulging joint" artifact, which is quite visually observable with a 90 degrees rotation or larger. Kim et al. [6] point out the DLB algorithm not only blends unit dual quaternions, but it has the effect of combining the rotation centers which result in the deformed mesh at the joint to bulge. Their work offers a postprocessing bulge-free method to correct the vertex position in its animated space. However, Vaillant [7] pointed out that the re-projection introduces a discontinuity in the deformed mesh, and in some cases, the neighbouring vertices may be projected in the opposite direction.
Recent work by Disney research pre-calculate optimised CoRs [8] at a per-vertex base. Their algorithm determines an optimised CoR from the sum of similarity between two skinning weights of vertices in normalised skinning weight space. Their method produces consistent and better results than LBS and DQS.
3D software such as Maya provides users with the ability to linearly combine DQS and LBS, which is similar to the proposed method of this paper. The downside is Maya's tool requires artists to paint a blend weight map in advance, which generally takes the animator a long time to complete. The painting process is single direction and iterative.
III. MATERIALS AND METHODS
The evaluation work presented in this paper is based on 3D humanoid character models obtained from the online model galleries Mixamo and Sketchfab. We applied three models with different levels of complexity, described in table I.
We implemented an interactive character animation system that takes character models as input and deforms the model mesh with an improved vertex skinning algorithm. The implementation of the vertex skinning algorithm leverages the power of GPU hardware to ensure the real-time performance of the animation system.
The proposed vertex skinning algorithm combines standard LBS and DQS in the linear space in real-time. A parameter called the "deform factor" is introduced to alter the influence of each standard technique during the deformation of the model mesh, thus reducing the DQS artifacts by bringing back portions of features from LBS. The following scheme (see Fig. 1 ) illustrates the pipeline of the implementation:
The proposed vertex skinning algorithm linearly combines DQS and LBS giving a complete character model with a single mesh model, a skeleton and an animation sequence. The amount of LBS influence is determined by the "deform factor". As a result, the model mesh is deformed by a mixture of DQS and LBS influences, thus reducing the "bulging joint" artifact of DQS.
Similarly, Maya's Blend Smooth Skinning [9] method provides users with the ability to combine the two standard skinning algorithms linearly. However, artists are required to paint a blend weight map in advance. This process is iterative, combining expertise with trial and error, and sometimes it can be very tedious to achieve the expected quality. Compared to Maya's Blend Smooth Skinning, the proposed method combines DQS and LBS without any dependencies on an extra weight map. Besides, it provides users with the ability to adjust the influence of standard techniques at run-time easily.
The implementation of our vertex skinning algorithm is in the vertex shader. The bone transformations are calculated on the CPU and serve as inputs of the vertex shader programs on the GPU. A linear combination of the standard DQS and a specific amount of LBS contributions determined by the value of the "deform factor" is performed on each vertex thus deform the entire mesh.
The evaluation of the proposed method contains both qualitative and quantitative analysis. In particular, the proposed vertex skinning technique is evaluated subjectively from the quality of the resulting deformation against the standard DQS and LBS among various 3D characters and animations. The evaluation includes a visual examination of the deformed character at challenging areas with specific poses and comparisons with DQS and LBS artifacts. The efficiency and robustness of the proposed method are evaluated quantitatively from the performance and memory requirements against the standard DQS and LBS. This analysis includes frame rate counts and buffer memory allocation comparison.
IV. COMBINING DQS AND LBS
Our method performs the standard LBS to obtain the LBS specific deformation, and replace a certain amount of the DQS deformation with it. According to the concept of the linear combination of vector x 1 , ..., x n in Euclidean geometry:
where the coefficients a i are scalars. The linear combination of a vertex vector, which is transformed from DQS and LBS, is written as:
where v is the linear combined vertex vector, T d and T l represents the transformation matrix computed from DQS and LBS, v d and v l corresponds to the vertex transformed with DQS and LBS techniques, and v is the vertex vector in rest pose. When the sum of the coefficients is 1, that is,
Due to the affine combinations commuting with any affine transformation T in the sense that:
Formula 3 can be re-written as:
The derived formulas (formula 3 and formula 5) indicate two possible approaches for our implementation: 1) Linearly interpolates the DQS and LBS transformations, and apply the resulting matrix on the vertices. 2) Linearly interpolates the DQS transformed vertices and the LBS transformed ones. The first approach requires the unit dual quaternion to convert to a transformation matrix to combine with the LBS transformation matrix. The second approach omits this conversion and transforms vertices directly with a blended unit dual quaternion. However, the second approach results in each vertex being transformed twice (first by a dual quaternion transformation, second by an LBS transformation matrix). Besides this double transformation overhead, this approach leads to a linear interpolation of vertex normal vectors, and undesired lighting artifacts are likely to occur. Even though the linear interpolation of vertex position vectors is trivial, the normal vectors must be transformed by the inverse transpose of the transformation matrix. In the case that our implementation utilises the second approach, the unit dual quaternion to matrix conversion is unavoidable as the correct transformation of normal vectors is required.
For this reason, the implementation of our proposed runtime algorithm is based on the first approach. The proposed algorithm for the linear combination of DQS and LBS contributions via the "deform factor" is as follows:
Algorithm 1: Vertex skinning algorithm Input: unit dual quaternionsq 1 , ...,q p bone transformation matrices T 1 , ..., T p (T i ∈ R 3×4 ) vertex position v and normal v n joint indices j 1 , ..., j n and weights w 1 , ..., w n "deform factor" f Output: transformed vertex position v and normal v n
The linear interpolation of unit dual quaternions uses the ⊕ operator (at line 2) to perform the antipodality handling [4] . the ⊕ flips the sign of the dot product of two unit dual quaternions. Note at line 7, the inverse transpose of the final transformation matrix is applied to transform the normal vector. The "deform factor" is adjustable (range from 0 to 1) in real-time via a GUI component, where 1 corresponds to the standard DQS technique, and 0 corresponds to the standard LBS technique.
Our implementation of DQS adopts Kavan's per-vertex antipodality handling approach with the dual quaternion to matrix conversion [10] . The proposed vertex skinning algorithm, along with antipodality handling and the dual quaternion to matrix conversion, is performed in the vertex shader.
V. RESULTS

A. Correctness of our method
The bulges usually occur at bent joints and become more evident with a significant bend, or at areas that are influenced by many joints. To reduce the bulges in these cases, we replaced half of the DQS result with the LBS result, by setting the "deform factor" to 0.5. In other words, we defined an equal amount of influence from the standard DQS and LBS techniques. We performed the proposed skinning algorithm on particular poses and compared them with the ground truth artifact generated from the standard DQS. The resulting deformation is improved, and the bulges are sufficiently reduced. Fig. 2 shows our method improves the standard DQS at challenging places such as the hip and the knee. Extreme bends at the hip socket joints amplify the bulging artifact. The middle row represents the comparison between DQS, LBS, and the proposed skinning technique performed on the hip area of the Starkie model. The weight distribution map (see Fig. 3 left) manifests vertices at the hip area are affected by more than Fig. 2 . Extreme bends at the hip and the knee joints appear serious issues with both DQS (left) and LBS (right). Our method (middle) reduces the artifacts by applying an equal amount of DQS and LBS results. two bones. When DQS is performed, large rotations of the leg bones cause the interpolated hip mesh vertices position on the arc of a sphere, thus forming a curved-manifold, and this causes the deformed hip mesh to bulge outwardly. In contrast, LBS interpolates the vertices in the linear space, thus the interpolated vertices are located on a line segment, which results in an unsmooth and flattened deformed hip. Our method takes the equal amount of influences of DQS and LBS by setting the "deform factor" to 0.5. This indicates half of the DQS result is replaced with the LBS result. The interpolated vertices are positioned at the middle of the DQS and LBS results and confer a more natural deformation at the hip.
Extreme bending at the knee joint appears as a serious issue with both DQS and LBS: DQS shows a large bulge, and LBS folds the knee too much, thus causing the "collapsing joint" artifact. The bottom row of Fig. 2 presents the comparison between DQS, LBS, and our method at the extremely bent knee of the Starkie model. The knee is influenced by two bones -the left lower leg and the left upper leg (see Fig. 3  left) . The dotted line is drawn on the bottom row of Fig. 2 best illustrates the improvement of our method. Our method transforms the knee vertices to the middle of DQS and LBS results, while the DQS bulges push the knee above the line and the LBS collapses the knee severely, thus vertices are positioned below the line.
For vertices influenced by many joints (see Fig. 3 right) , Fig. 4 . A comparison on the Mutant model with big muscles: with the "deform factor" set to 0.5, our method (left) reduces the "bulging joint" artifact of DQS (middle) on the chest and the "candy-wrapper" artifact of LBS (right) around the shoulder.
such as muscles at the chest and the upper back, DQS creates large bulges in the chest muscle, and the deformed chest appears rounder and unnatural. On the other hand, LBS flattens the edge around the chest, especially near the shoulder (see Fig. 4 ). At the upper back, DQS generates a visually distracting bulging artifact, while LBS appears as the "candywrapper" artifact that shrinks the volume of the upper back muscles.
Our proposed method neutralises the DQS and LBS results by applying 0.5 to the "deform factor", thus reducing both DQS and LBS artifacts by half. Compared to the postprocessing bulge-free method proposed by Kim et al. [6] , our method generates the equivalent bulge-free deformation without projecting back the vertex positions after DQS transforms mesh vertices. In real-time, our method produces a comparable result with a more straightforward approach. That is, instead of correcting the deformed mesh before or after the skinning process, our approach improves the artifacts while the vertex skinning is performing. The mesh vertices are transformed directly with a hybrid of DQS and LBS transformations. Even though our method is approximate, it minimises the artifacts inherent in DQS and LBS with fairly inexpensive cost while both previous corrective techniques [6] [8] require complex calculations. Thus, upgrading an existing animation system from standard vertex skinning to the proposed skinning is simple and still permits an efficient GPU implementation.
However, because our method is a linear combination of DQS and LBS transformations, the LBS artifact is reintroduced. One solution is to determine the maximum amount of LBS influence that a specific joint rotation can have so that the deformed mesh appears with a minimum loss of volume that is not generally visually distracting. In the next section, we visualise the trade-off between DQS and LBS using our method and present a discussion of our approach and Maya's Blend Smooth Skinning tool based on the trade-off.
B. Trade-off between DQS and LBS influences
Our method allows the interpolation parameter, the "deform factor", to be modified in real-time, and this presents a visual trade-off between DQS and LBS at each frame. Such trade-off shows the decrease of the DQS artifact increasing the LBS artifact. When the joints bent with large rotations, an equal amount of DQS and LBS influence is suggested. When the bones are twisted with large rotations, the LBS influence is recommended to be close to zero. To demonstrate, the standard DQS is performed on bent and twisted elbows. Progressively reducing the DQS influences to a 0 result and the skinning turns to a pure LBS process. Fig. 5 shows a rotation at the elbow of the Starkie model in wireframe mode. When DQS is performed, the vertices on the bulged elbow mesh move further away from the joint (the elbow). In contrast, when LBS is performed, the vertices are moved closer to the joint. As shown in Fig. 6 , vertices move towards the joint with the decreasing "deform factor", and when the "deform factor" is 0.55 the resulting deformation appears the smoothest and most natural. Therefore, for the bent elbow pose the ideal influence of DQS and LBS is approximately an equal amount of both.
Twisting an elbow is quite different from the bent elbow case. Twisting with LBS produces the "candy-wrapper" artifact, and DQS resolves the issue completely. When skinning with a combination of DQS and LBS, the volume loss of LBS is re-introduced to the deformed mesh, thus the "deform factor" is expected to be close to 1.0 and preserves the mesh volume as much as possible. Fig. 7 shows the variations of the "candy-wrapper" artifact when the "deform factor" changes. In this example, the forearm is rotated through 180 degrees while the shoulder arm is not moved. The "candy-wrapper" artifact appears at the elbow and becomes less visually observable Fig. 7 . From left to right: The "candy-wrapper" artifact reduces gradually with the increase of the "deform factor". The values on the right arrow correspond to the influence of the standard DQS. when the "deform factor" becomes greater than 0.8.
In skinning applications, a particular pose is likely to have both twisting and bending in a single frame. Our method is constrained by the fact that all joints are assigned to a unified influence. When significant twisting and bending exists in one frame, this shortcoming can be reduced from applying a high DQS influence as the "candy-wrapper" artifact is more visually distracting than the "bulging joint" artifact.
Maya's Blend Smooth Skinning tool does not have such constraints on joint influences. It allows artists to define different impacts on each joint for every pose. This manual procedure results in more accurate skin deformation around joints compared to our method and provide artists with more control in blending the skinning techniques. Nevertheless, the process is highly complex and iterative. Our proposed method enables the contribution of DQS and LBS to be modified according to the instantaneous visual feedback the artist receives while performing the vertex skinning. The balance between DQS and LBS influences is where both artifacts are minimised concerning the compromise between the two standard methods, and it is ordinarily subjective from the 3D artists.
Compared to Maya's tool, our method allows a non-expert user to perform basic vertex skinning. Also, our approach saves the time and effort that users spend on multiple iterations of painting the blend weight map. The unified influence constraints implicate our method is not suitable for applications that have a high requirement of skin deformation accuracy. Instead, it is ideal for mobile games and VR applications. One concern of the proposed method is the robustness of linearly combining two standard skinning algorithms in real-time. In the next section, we discuss the performance analysis of the proposed approach. Table II summarises the memory requirement of the proposed method on the models and animations we used.
C. Performance and memory requirements of our method
Our method to linearly combine DQS with LBS requires 20 scalars per joint, compared with the 12 expected by LBS and the eight required by DQS. The VBO for the standard LBS and DQS, and our method is composed of vertex positions (three floats), vertex normals (three floats), texture coordinates (two floats), bone weights (four floats), and bone indices (four ints), summing up to 64 bytes. The uniform variable per bone is the 3x4 float matrix (48 bytes) for LBS and the 2x4 float matrix (32 bytes) for DQS. Our method requires one more float uniform which is the "deform factor", which sums up to 80 Each skinning algorithm is performed on all three models with the same setup. Each model comprises a different set of keyframes animation. We estimate the run-time performance from a collection of 3000 frames recorded per model. The averaged time cost measures run-time performance in milliseconds of each frame. As shown in table III, for all three models, the performance of our proposed algorithm is mostly similar to DQS and LBS due to the effectiveness of GPU implementation. Precisely, the proposed algorithm is down by less than 1 ms/frame in all cases compared to standard skinning algorithms. 
VI. CONCLUSION AND FUTURE WORK
This paper mainly focuses on vertex skinning with dual quaternions. The traditional skinning technique (DQS) produces noticeable bulges at joints with large rotations, while our method effectively removes such artifacts. Furthermore, the usefulness of a linear combination of DQS and LBS has not been researched before, and this paper fills that gap by carrying out a systematic analysis.
A complete 3D character animation system is implemented and the proposed skinning algorithm is executed on the GPU with the same setup of traditional skinning techniques. The proposed algorithm is direct and closed-form, and reduce the artifacts without pre-processing of model information or postprocessing of animated poses, which is the main advantage compared to other DQS corrective methods and Maya's Blend Smooth Skinning. The proposed skinning algorithm can be widely adopted in low-end real-time animation applications such as VR and mobile games because of its simplicity and high robustness.
In this paper, the value of the "deform factor" is manually adjusted, and the skinning technique contributions are applied to all joints uniformly. To provide more controls for the 3D artists, the value of the "deform factor" should ideally be set automatically with a non-uniformed approach. Kavan's paper [11] proposed an efficient method that automatically determines challenging areas to add extra blend bones, and future works could use this method for automatically setting the "deform factor" at different joints. This could be an appealing direction for future research to develop an optimised linear combination of DQS and LBS.
